Heat stress resilience has emerged as an important trait in maize hybrids targeted for post-monsoon spring cultivation in large parts of South Asia and many other parts of the tropics. Selection based on grain yield alone under heat stress is often misleading, and therefore an approach involving stress-adaptive secondary traits along with grain yield could help in the development of improved, stable heat stress tolerant cultivars. We attempted to identify reliable and effective secondary traits associated with heat stress tolerance in tropical maize and sources of heat stress tolerant germplasm. A panel of 99 elite maize inbred lines representing the wider genetic diversity of tropical maize and a set of 58 elite hybrids were phenotyped under natural heat stress and optimal temperature for grain yield and 15 secondary traits including 10 morpho-physiological traits and 5 yield attributes. Evaluation under natural heat stress was done during the spring season by adjusting the planting date so that the complete reproductive stage (from tassel emergence to late grain filling) was exposed to heat stress. The optimal temperature trial was planted during the monsoon season with no exposure to heat stress at any crop stage. Heat stress significantly affected most of the observed traits. Among the traits studied two yield attributing traits, i.e.-ears per plant (EPP) and kernel per row (KPR), and three morpho-physiological traits, i.e.-chlorophyll content (CC), leaf firing (LF) and tassel blast (TB) were found to be the key secondary traits associated with grain yield under heat stress. In addition, low anthesis-silking internal (ASI) is an important trait that needs to be added in the index selection for heat stress tolerance. The study identified nine promising heat stress tolerant maize inbred lines with desirable secondary traits and grain yield under severe heat stress, which could be used as source germplasm in heat stress tolerance maize breeding program.
Introduction
In South Asia, millions of smallholders grow maize for their income and livelihood. While the demand for maize has significantly increased in recent years due to an array of factors, including changing diets and a rapidly growing poultry sector, average maize yield in South Asia is still only 2.9 tons per hectare (t/ha), about half of the world average maize yield (FAOSTAT, 2016) . Since opportunities are limited for further expansion of maize cultivation areas, particularly in most of the developing countries, increase in maize supply to meet demands will have to be achieved through intensification of current maize production systems, such as expansion of maize cultivation areas during the Spring season in several countries of Asia (Dass et al., 2010) . Spring maize grown during the hot-summer months of the year (Feb-May) is invariably exposed to prolonged high temperature regimes (or heat stress) during most of the critical crop growth period, starting from the late vegetative stage until early grain filling. Also, during the monsoon season, the main maize crop season that accounts for over 70% of total maize area in South Asia, there is an increasing frequency of drought years combined with heat stress, which significantly limits productivity. Many climate-modeling studies suggest that high day-and night time temperatures will become more common in the future and may cause a tremendous environmental hurdle to global food production (Lobell et al., 2011a; Stebbins, 2011) . Maize crop can survive brief exposures to high temperature. Exposure to temperatures above 35 0 C for a prolonged period is considered unfavourable for crop growth and beyond 40 0 C, particularly during flowering and grain filling can have severe impact on grain yields (Commuri and Jones, 2001; Rincon and Lopez, 2006; Tesfaye et al., 2016) . Breeding for heat stress tolerance in maize had limited success, primarily because selection in stress tolerance breeding programs is often based on grain yield per se, which could be misleading in stressed trials owing to its low heritability estimates. Past studies have suggested the use of secondary traits along with grain yield in obtaining realistic genetic gains in breeding for tolerance to abiotic stresses (Bänziger and Laffitte., 1997 ; Araus et al., 2008; Ober et al., 2005; Ram et al., 2014) . The approach of using secondary traits to complement phenotypic selection based on yield can improve selection response to a large extent, as heritability of some secondary traits remains high under stressed environment, and is often genetically correlated with yield under stress. Thus, breeding for stress tolerance can be complemented by identifying key secondary traits that are closely associated with yield under stressed environments (Ober et al., 2005) . High heritability, significant association with grain yield under stressed environments and non-significant association of traits with grain yield under non-stressed environments are some of the important criteria of valuable secondary traits (Betran et al., 2003) . Several secondary traits associated with heat stress tolerance in maize have been identified, including leaf temperature kinetics (Shabala, 1996) , leaf architecture net photosynthesis (Pn) at seedling stage (Yu et al., 2002; Karim et al., 2000) , anther emergence (Schoper et al., 1987) , and pollen viability (Frova et al., 1995) etc. However, their utility in stress breeding is not well established. Further, most of the research work on heat stress has focused on temperate maize whereas only limited information is available on tropical maize (Wilhelm et al., 1999; Monjardino et al., 2005) . The present study aims at identifying effective secondary traits associated with heat stress tolerance in tropical maize, and source germplasm with desirable traits for use in breeding programs targeting heat stress resilient maize cultivars.
Results

Variance and mean performance of inbreds and hybrids:
Genotypic variance for all the traits in inbreds under heat stress and hybrids under optimal and heat stress showed significant variation (Table 1 ). The Genotype x Environment (GxE) interaction also had highly significant variation for all the traits in inbreds and hybrids, except for chlorophyll content (CL), leaf firing (LF) and canopy temperature depression (CTD) in the inbreds. In general, genotypic variation in inbred lines for all the yield traits was relatively higher during year two. Variation for secondary traits was comparatively more in year one, except for anthesis date (AD), canopy temperature depression (CTD) and plant height (PH). In case of hybrids, except for kernels per row (KPR), cob girth (CG), anthesis date (AD), silking date (SD) and anthesis-silking interval (ASI), variance of all the other traits was drastically reduced under heat stress conditions. High broad-sense heritability (>55%) was observed for all the traits in inbred lines in both the years. Heritability of traits in hybrids under optimal condition ranged from 48% to 84%, whereas under heat stress, it ranged from 41% to 61% (Table 1) . Mean performance of inbred lines was consistent for most of the traits in both the years. However, flowering traits (AD and SD) and two morpho-physiological traits (PH and CC) were more affected due to heat stress during the second year (Table 1 ). In the case of hybrids, trial mean across environment exhibited drastic change under heat stress. The change was highest for GY followed by KPR, CC and PH, while EPP was least affected by heat stress. The range of GY of the hybrids was 25 fold higher under optimal conditions, and it reduced to four fold under heat stress (data not shown). In general, heat stress affected both AD and SD, a more profound effect was observed on SD.
Relation between grain yield and secondary traits
Grain yield of inbreds under heat stress exhibited a significant positive correlation with all yield attributing traits and also with secondary traits viz,. AD, CC, CTD and INL. Other secondary traits (SD, ASI, SEN and LF) had significant negative correlation with grain yield under stress (Table 2 ). In the case of hybrids, grain yield exhibited a significant positive association with most of the observed traits except CL and SCMR under optimal conditions. However, only EPP and KPR maintained this association under heat stressed environment (Table 2) . A changing trend in the direction of association was observed for two traits, i.e.-CG and INL. Traits such as CL and CC exhibited significant positive associations with grain yield under heat stressed environment, while these associations were non-significant under optimal conditions. The two secondary traits, CC and CTD, had significant positive and negative associations, respectively with grain yield under heat stress conditions.
Principal component analysis
Principle component analysis (PCA) was done to identify traits that complement yield under a heat stressed environment. Consistent results were observed for PCA during two years. PCA explained 36, 35 and 34% of total variations during the first and second years, and across years, respectively (Table 3, Fig. 2 ). During both the years, PC-I explained the maximum percentage of variation. Observed traits contributed more than 20% of variation to either of the two PCs during both the years and across years. However, the highest contributing trait changed during the two years and across years. In year-1, ASI (37%) and TB (42%) were maximum contributing traits for two PCs, respectively, while KPR (38%) and SD (40%) were maximum contributors for two PCs during the second year. Performance of grain yield of hybrids across environments was assessed using PCA. The average environment coordinate (AEC) view of GGE bi-plot explained mean yield performance and stability of genotypes. The highest yield across both the environments was recorded by the genotype HY42. Genotypes HY43 and HY47 also performed well across two environments. However, significant crossovers were also observed. For example-HY16 exhibited highly unstable performance for grain yield across two environments. Eighteen such genotypes with substantial crossover performance for GY (based on their instability indices) were selected to determine traits that could complement yield under heat stressed environment. Most of the measured traits showed a greater effect on the PC-I. The traits with high Eigen value of the PC-I were SD, AD, CC, KPR, CG and GY. Each trait contributed more than 25% of variation to the PC-I. However, SD contributed 42% of variation to the first PC. The main effects on the second component among the traits tested were CL, KPR, CTD, TB, EPP and INL. Each of these traits contributed more than 20% of variation to PC-II (Table 3 and Fig. 3 ). Nine promising inbred lines were selected among different maturity groups on the basis of their performance across years under heat stress conditions ( Table-4 ). Among these, the three best performing lines were INB 67,INB 14 and INB 39 with average grain yield of 1.01, 0.85, 0.71 tons ha -1 , respectively under heat stress. Selected inbred lines performed better in terms of their secondary traits associated with grain yield. All selected lines had > 5.0 cm CL and > 5.0 KPR, <64 days SD, >10 score of CC and <3 score for LF and TB.
Discussion
One of the major limitations of spring grown maize in Asian the tropics is prolonged high temperatures regimes (>35 0 C), which often coincide with the reproductive growth stages that eventually affect maize crop yields. Selection for high grain yield has been a common criteria in maize breeding programs, however, the low heritability of grain yield under stress owing to the complex nature of the trait often limits significant selection gains (Edmeades et al., 1993) . Significant genetic gains were reported in maize under abiotic stresses such as low nitrogen and drought by complementing grain yield with key secondary traits (Edmeades et al., 1998) . Our study aimed at identifying key stress-adaptive secondary traits that could complement the selection for improved grain yield under heat stressed environment. Significant genotypic variation was observed among maize inbred lines for most of the observed traits under heat stress across the two-year evaluations . The higher magnitude of genotypic variance for all the yield-attributing traits might be the result of exposure of genotypes to prolonged high temperatures from the vegetative to the reproductive crop growth phase (Fig 1) and their differential expression to such unfavourable conditions. The magnitude of response of the genotypes in optimal conditions is determined by the physiological determinants of grain yield like radiation, water use efficiency, metabolic processes, harvest index or biomass partitioning to reproductive organs (Passioura, 1996; Suwa et al., 2010) . However, under heat stress, as a consequence of change in these physiological determinants, the overall responses of the genotype varied significantly in both seasons. Morpho-physiological traits for most of the genotypes did not differ substantially, suggesting relatively simple genetic determinants for these traits compared to the yield and yield attributes. During year-1, the temperature was comparatively higher (>38 0 C) for a prolonged period during the reproductive stage of the crop, which resulted in high variation among the genotypes for most of the secondary traits. Evaluation of hybrids under optimal and heat stressed environments revealed a similar trend in variation among the traits across the two seasons. However, the variation among trait values was more pronounced in hybrids as compared to the inbred lines because of the contrasting nature of the environmental conditions and/or due to the different genetic make-up of inbreds and hybrids. Leaf firing, tassel blast and senescence are specific stress injuries on maize plants exposed to heat stress. Our study revealed a large variation among maize germplasm for these traits. Selected inbred lines were able to withstand the heat stress without significant tissue injuries (Table 4 ). In general, most of the hybrids exhibited the least of such visible stress injuries as compared to inbred lines, suggesting a different threshold for the injury or/and a probable coping mechanism in hybrids to overcome the increased production of free radicals and expression of oxidative stress enzymes under heat stress (Apel and Hirt, 2004) . Tissue injuries on active photosynthetic areas such as leaf firing and leaf senescence could drastically affect photosynthetic efficiency. These tissue injuries could be directly associated with reduced chlorophyll content and eventually with reduced grain yields and oxidative damage under heat stress (Tesfaye et al., 2016; Alam et al., 2017) . Other important tissue injury reported in the current study was tassel blast, which could indirectly affect grain yield because pollen grains are highly susceptible as they lack heat shock proteins (HSPs) (Schoper et al., 1987) and low water potential under heat stress (Dupuis and Dumas, 1990) resulted in reduced availability of viable pollen grains. In general, heat stress advanced both male and female flowering, reduced PH and INL among genotypes. However, SD was more affected compared to AD, resulting in increased ASI that affected asynchrony between male and female flowers and eventually led to reproductive failure. In a determinant crop like maize the precursors of the reproductive stage are determined during the active vegetative phase or when the canopy size is defined (Nesmith and Ritchie, 1992; Uhart and Andrade, 1995) . Delay in the development of reproductive organs might be the result of reduced cell division and cell elongation processes due to reduced supply of photosynthates and carbohydrate metabolism during the active vegetative growth stage (Suwa et al., 2010) . The current study revealed a significant negative association of CC with levels of leaf injury (LE and SEN) and significant association with GY under heat stress (Fig. 2) . Similar findings in maize have also been reported by Liu and Huang (2000) . Broad-sense heritability of CC, LF and TB under heat stress for both inbred lines and hybrids were higher and therefore these traits could be considered important secondary traits in the selection for heat stress tolerance. Chlorophyll content is a known important trait associated with grain yield under abiotic stresses, such as under drought stressed wheat (Betran et al., 2003) and sorghum (Duncan et al. 1981 , Rosenow and Clark 1981 , Borrell et al. 2000 . The magnitude of association of flowering traits with GY was higher for inbred lines under heat stress. However, these associations were non-significant in the case of hybrids. While this observation might rule out the use of flowering traits as an important secondary trait for grain yield under heat stress, this conclusion may not be valid as non-significant association does not necessarily mean that the traits are not biologically related, and might probably be a result of decreased phenotypic variation among the hybrids for this trait under stress, confounding the estimation of genetic effects (Ober et al., 2005) . Further, several breeding programs have indicated the effectiveness of flowering traits, especially ASI, in the selection for tolerance to abiotic stress such as drought (Bänziger et al., 1999) . Another important feature identified for heat stress in maize was its effect on canopy temperature (Cairns et al., 2012) . Certain genotypes are better equipped in maintaining their canopy temperature by increasing rate of transpiration. This trait has been used as an effective measure in improving drought and heat stress tolerance in several crops (Kumari et al., 2007) . However, limited information is available about this trait in maize. Our study suggested significant variation among genotypes and a strong association of this trait with grain yield under heat stress. However, repeatability of the trait in inbred trials was moderate and for hybrid trials under heat stress it was low, indicating (i) a substantial influence of the environment on estimation of the trait and/or (ii) differential expression of the trait due to interaction with other environmental factors. CTD measurements are highly affected by irradiance, wind speed, humidity, vapour pressure deficit and time of measurement (Balota et al., 2007; Ram et al., 2014) . Several secondary traits have a direct or indirect effect on grain yield via yield attributing traits. Among the yield attributing traits, a significant reduction in average EPP was observed under heat stress, suggesting an increase in the frequency of barrenness due to high temperature. Cob architecture including CL, CG, KPR and KRPC are important contributors to grain yield in maize. Significant reduction was observed in most of these traits under heat stress, except for KRPC in hybrids suggesting a strong genetic constitution for this trait. While the performance of most hybrids was skewed towards the lower value for these traits, some entries exhibited a similar number of kernels per row across environments. This might be because different vegetative and reproductive organs undergo active growth at the same stage, which results in strong competition among them for assimilates. Imbalance in distribution of assimilates might be a cause for negative effects on yield attributing traits (Rattalino et al., 2011) . While variation for these traits was low for hybrids, the association of this trait with grain yield under stress was strong and significant for inbred lines and hybrids across environments, suggesting their important contribution in grain yield under stress. Our results are in agreement with previous findings where negative effects of high temperatures on cob growth rate and reduced biomass partitioning to ear was reported (Cicchino et al., 2010a; Cicchino et al., 2010b; Rattalino et al., 2011) . A number of factors such as pollen viability, receptivity of silk, increased frequency of kernel abortion, decreased cell division in endosperm, reduced sink capacity of developing kernels, reduced starch synthesis, increased soluble sugar accumulation duration, kernel development and enzyme activities could be responsible for reduction in KPR under heat stress (Duke and Doehlert, 1996; Hunter et al., 1977; Singletary et al., 1994 , Alam et al., 2017 . All the yieldattributing traits exhibited significant positive association with GY during two years of study; however results varied for CG among inbred lines and hybrids. PCA presented similar results for hybrids and inbred lines exhibiting strong positive association for EPP, KPR, KRPC and CL with GY (Figs. 2 and 3) . High heritability estimates were observed for EPP and KPR for inbred lines as well as hybrids, which suggest that these are important traits in selection indices for breeding programs targeting heat stress tolerance. Among yield attributing traits, EPP and KPR were identified as prominent candidates for the heat stress selection index. This is based on variations explained by the variables considered in this trait, their association with GY, repeatability during two years with inbred lines and hybrids under stressed environments, their expression and ease of scoring. Apart from these, weightage need to be given to heat stress specific secondary traits, such as CC, LF and TB, which were indirect determinants of stress tolerance through balancing the physiological mechanism to produce yield.
GY-Grain yield, EPP-Ears per plant, KPR-Kernels per row, KRPC-No. of kernel rows per cob, CL-Cob length, CG-Cob girth, AD-Days to 50% anthesis, SD-Days to 50% silking, ASI-Anthesis silking interval, SEN-Leaf senescence, LF-Leaf firing, TB-Tassel blast, CTD-Canopy temperature depression, CC-SPAD chlorophyll meter reading, PH-Plant height, INL-Inter
of kernel rows per cob, CL-Cob length, CG-Cob girth, AD-Days to 50% anthesis, SD-Days to 50% silking, ASI-Anthesis silking interval, SEN-Leaf senescence, LF-Leaf firing, TB-Tassel blast, CTD-Canopy temperature depression, CC-SPAD chlorophyll meter reading, PH-Plant height, INL-Inter-nodal length.
Fig 2. Principal component analysis for maize inbred lines depicting correlation of secondary traits with grain yield under heat stress (pooled data of two years). GY-Grain yield, EPP-Ears per plant, KPR-Kernels per row, KRPC-No. of kernel rows per cob, CL-Cob length, CG-Cob girth, AD-Days to 50% anthesis, SD-Days to 50% silking, ASI-Anthesis silking interval, SEN-Leaf senescence, LF-Leaf firing, TB-Tassel blast, CTD-Canopy temperature depression, CC-SPAD chlorophyll meter reading, PH-Plant height, INL-Inter-nodal length
index).GY-Grain yield, EPP-Ears per plant, KPR-Kernels per row, KRPC-No. of kernel rows per cob, CL-Cob length, CGCob girth, AD-Days to 50% anthesis, SD-Days to 50% silking, ASI-Anthesis silking interval, SEN-Leaf senescence, LF-Leaf firing, TBTassel blast, CTD-Canopy temperature depression, CC-SPAD chlorophyll meter reading, PH-Plant height, INL-Inter-nodal length.
Materials and Methods
Plant materials
A Other lines involved in the study included three lines from Pool16 BNSequia, an early maturing white population improved for drought as well as low nitrogen tolerance, two lines from G18 Sequia, an early maturing yellow population improved for drought tolerance and one line each from La Posta SequiaC7, P147, Suwan-1, Indian maize program, EW-DMR and P31-DMR, two Asian maize populations improved for downy mildew resistance. The lines were evaluated for heat stress tolerance in replicated trials along with a heat tolerant check line -CML427. Apart from elite tropical lines, a set of 58 single cross hybrids including 51 popular commercial hybrids in India from seed companies and 7 elite hybrids from CIMMYT were evaluated under natural heat stress during spring and under optimal temperature conditions during monsoon (Kharif) season.
Trial and stress management:
All the trials were conducted at the ICRISAT campus, Hyderabad, India in carefully selected precision fields with vertisol soil with pH 7.6. Planting time for the spring season trials was adjusted so that most parts of the reproductive stage, including flowering and early grain filling, coincided with high day temperature regimes (Tmax close to 40 o C). Based on weather data for past five years during spring season, the third week of March was chosen as a suitable planting time and the crop reached reproductive stage during the first fortnight of May, when temperature was at its peak in Hyderabad. During both the years, the targeted crop stages were exposed to high temperature regimes, as both maximum (Tmax) and minimum temperatures (Tmin) were above the threshold limit, i.e. 35 o C and 25 o C, respectively during most of the active crop growth and reproductive stages. During year-1, the vegetative and reproductive phases of the crop (from 28 to 56 DAS) were exposed to temperature ranging between 37.5 o C and 41.6 o C, whereas during year-2, the same stages of the crop was exposed to temperatures ranging from 35.7 to 38.1 o C (Fig.  1) . During both the years, the active vegetative growth phase and reproductive stage were mostly free from any significant rainfall. Hybrid trials during monsoon season were planted at the recommended planting time, i.e. after the onset of the first monsoon rains, and most of the crop stage, including the reproductive stage was free from exposure to high temperature regimes. Trials were laid out using α-lattice design (Patterson et al., 1978) with two replications. Each plot was planted in 4 m long rows, with plant-to-plant and row-to-row spacing 75 cm and 20 cm, respectively. Recommended agronomic management practices were followed to optimize crop growth and development, and trials were kept free from any abiotic or biotic stresses, except natural heat stress.
Observations of recorded
Data was recorded on 16 traits on the panel of inbreds and hybrids, including grain yield and secondary traits. Days to 50% anthesis (AD) and silking (SD) were recorded on the day when 50% plants in a plot extruded anther or produced silks. Anthesis-silking interval (ASI) was calculated as the difference between SD and AD. Leaf senescence (LS) was scored on a 1 to 10 for leaf dryness from older to younger leaves. Leaf firing (LF) and tassel blast (TB) were scored on 1-5 as the extent of leaf mortality from younger towards older leaves and for tassel mortality before anthesis, respectively. Chlorophyll content (CC) was measured using chlorophyll content meter CCM-200 (Opti-Science) and Canopy temperature Difference (CTD) was recorded using the Infra-red thermometer Agritherm III model 6110L (DIAS Infrared Systems). At physiological maturity, observations were recorded on plant height (PH) as the distance between the lowest node of the plant up to the node bearing tassel on five representative plants in each plot and averaged. Inter-nodal length (INL) was measured as the distance between two nodes with maximum INL, present just below the node bearing the lower-most cob. At harvest, grain yield (GY) was recorded in terms of ear weight per plot and converted to tons per hectare at 12.5% grain moisture content and 80% shelling percentage. Data was also recorded on various yield attributes, including ears per plant (EPP) as the ratio of the total ears harvested and the total number of plants in each plot, and cob girth (CG), cob length (CL), kernels per row (KPR) and number of kernel rows per cob (KRPC) were recorded on ten representative ear in each plot and averaged to calculate these traits on per ear basis. In optimal trials, observations were recorded on all the abovementioned traits, except LS, LF, TB and CTD.
Statistical analysis
ANOVA analysis was performed using Alpha-lattice design (Patterson and Williams, 1976 ), using the model described below.
= + + + + Where, Y ijk is the response value of observed trait, µ the overall mean, Trt i is the treatment fixed effect (i = 1, 2, …, n), Rep j is the replicate effect (j = 1, 2, …, n), Blk jk is the block effect, and e ijk is the error. Broad-sense heritability was computed using the formula suggested by Lush (1949) , as: ℎ 2 = 2 2 100 Where, h 2 is the broad-sense heritability, σ 2 g is the genotypic variance and σ 2 p is the phenotypic variance.
All datasets were subjected to statistical analysis using GENSTAT software (VSN International Ltd.), while correlation coefficients were estimated using SAS 9.2 (SAS Institute, Cary, NC, USA). The principal component analysis (PCA) was performed using GGE bi-plot software (Yan, 2001 ). Prior to bi-plot analysis and singular value decomposition for evaluation of genotypes across environments, data centering (centering = 2) and scaling (scaling = 0) was performed. The genotype-metric preserving method for singular value decomposition was finally used (SVP = 1) for genotype x environment interaction for grain yield and instability indices estimated for each genotype (Yan et al., 2007) . To determine the traits influencing grain yield under heat stress a panel of hybrids was selected with high instability index for grain yield across environments. The genotype by traits bi-plot was constituted by scaling for standard deviation for traits (scaling = 1) and trait metric preserving (SVP = 2) with data centering (centering= 2) to obtain genotype, genotype x environment interaction for the traits analysed (Yan and Tinker, 2006) .
Conclusion
Genotypic variability exists in tropical maize for heat stress tolerance, though at a low frequency. Selection on the basis of stress-adaptive secondary traits along with grain yield under stress may help in identifying genotypes with improved-stable performance under heat stress. Identified stress tolerant entries possessing stress adaptive traits along and respectable grain yield under stress could be used in breeding programs targeting heat stress agro-ecologies to develop a new generation of heat stress resilient maize cultivars with enhanced tolerance to heat stress. Determining genomic regions involved and gene action for stress-adaptive traits might further help breeders use them in their breeding programs to identify and develop heat stress tolerance maize cultivars.
